A previously unknown metabolite necessary for growth of T strains of Mycoplasma in artificial culture media has been identified as urea. The source of this metabolite was the mammalian plasma or serum enrichment of the culture medium. Normal horse serum was the most satisfactory native protein enrichment for cultivation of T strains of mycoplasma, and it is believed that its superior performance in agar and fluid culture media is associated with its relatively high urea content (approximately 40 mg/100 ml). T-strain urease activity was maximal at pH 6.0 0.5. This is also the optimal pH for growth of T strains. Substrate concentrations greater than 1.0% urea were inhibitory to growth and urease activity of T-strain organisms, and optimal urea concentrations in fluid media appeared to lie within the range of 0.008 to 0.01 M. This range of urea concentration permitted maximal growth of T-strain organisms without rapid loss of viability due to excessive ammonia accumulation and rise in pH to lethal levels. T strains of Mycoplasma were cultivated in a serum-free fluid medium containing urea as the only added metabolite and nitrogen source. T strains are the only known human mycoplasmas which exhibit urease activity, and this biochemical marker can be employed as an aid in the detection and identification of T strains of Mycoplasma (urease color test) and in distinguishing T strains from other members of the human Mycoplasma group.
A previously unknown metabolite necessary for growth of T strains of Mycoplasma in artificial culture media has been identified as urea. The source of this metabolite was the mammalian plasma or serum enrichment of the culture medium. Normal horse serum was the most satisfactory native protein enrichment for cultivation of T strains of mycoplasma, and it is believed that its superior performance in agar and fluid culture media is associated with its relatively high urea content (approximately 40 mg/100 ml). T-strain urease activity was maximal at pH 6.0 0.5. This is also the optimal pH for growth of T strains. Substrate concentrations greater than 1.0% urea were inhibitory to growth and urease activity of T-strain organisms, and optimal urea concentrations in fluid media appeared to lie within the range of 0.008 to 0.01 M. This range of urea concentration permitted maximal growth of T-strain organisms without rapid loss of viability due to excessive ammonia accumulation and rise in pH to lethal levels. T strains of Mycoplasma were cultivated in a serum-free fluid medium containing urea as the only added metabolite and nitrogen source. T strains are the only known human mycoplasmas which exhibit urease activity, and this biochemical marker can be employed as an aid in the detection and identification of T strains of Mycoplasma (urease color test) and in distinguishing T strains from other members of the human Mycoplasma group.
Satisfactory cultivation of T strains of Mycoplasma in fluid media has for several years been a difficult procedure. Growth of serially propagated T-strain organisms was unpredictable, and titers were often extremely variable. Ford (4) significantly observed that T strains of Mycoplasma multiplied very rapidly in broth cultures, attaining maximal titers after only 16 hr of incubation at 37 C under optimal conditions. Shepard and Lunceford (14) reported that the optimal reaction for growth of T strains in tryptic digest agar and broth was pH 6.0, and not pH 7.8 as formerly believed. These two significant findings contributed substantially in resolving the difficulties of cultivating T strains in fluid media. However, the explanation of the rapid decline and subsequent loss of viability of T-strain broth cultures incubated more than 16 to 18 hr was unknown. Previous studies in our laboratory (unpublisheddata) and studies by Ford (4) to improve the growth of T strains of Mycoplasma in agar and fluid media failed to provide an insight into the peculiar nutritional requirements of these fastidious organisms. Studies of expired fluid cultures, with the use of water dilution and agar gel diffusion techniques, failed to demonstrate development of a toxic substance. The more likely explanation of the rapid deterioration of broth cultures of T-strain organisms was that an unknown metabolite, present in low concentration and presumably of horse serum origin, was rapidly utilized and exhausted from the medium. This explanation was supported by our observation that horse serum ultrafiltrate was nearly as active in supporting growth of T strains of Mycoplasma as the original horse serum from which it was obtained. The unknown metabolite had obviously traversed the ultrafilter membrane together with other low-molecular-weight components of normal horse serum. The possibility that this metabolite was urea of horse serum origin was investigated. Our findings, and the demonstration of a urease system in T strains of mycoplasma, comprise the subject of this report. Only penicillin (1,000 units/ml) should be used as the antibacterial agent in these media. Thallium acetate is toxic for T strains, especially on primary isolation, and must never be added to media for the cultivation of T strains of Mycoplasma (Shepard, in press).
MATERIALS
The medium of Chanock et al. (1), further described by Hayflick (6) , was employed for cultivation of M. pneumoniae.
Four media were used for the initial demonstration of urease activity and for subsequent studies. (i) The urease test medium of Rustigian and Stuart (11) and Stuart et al. (16) was further modified in our laboratory by readjustment of the reaction to pH 6.0, enrichment with sterile pH 6.0 horse serum, and addition of 1,000 units of penicillin per ml. (ii) The above modified urease test medium without horse serum was also used. (iii) U-4 serum-free urea medium had the following composition: urea (Merck's reagent), 2.0 g; magnesium sulfate, 0.1 g; phosphate buffer (Sorensen's), 0.067 M, pH 6.0, 90.0 ml; yeast extract, pH 6.0 (20-40 special), 10.0 ml; phenol red (sodium salt, 1.0% stock solution), 0.1 ml; and penicillin G, potassium (100,000 units/ml), 1.0 ml. (iv) U-6 serum-free urea medium had the following composition: TDB-16 basal broth (pH 6.0), 98.4 ml; urea (Mann's ultrapure), 10% stock solution, 0.5 ml; phenol red (sodium salt, 1.0% stock solution), 0.1 ml; and penicillin G, potassium (100,000 units/ml), 1.0 ml.
Measurement of urea. Natelson's method (7) was used for the estimation of urea. This quantitative procedure utilizes the condensation of urea with acid diacetyl monoxime (Fearon reaction). The test was reacted in a boiling-water bath for 10 min in the absence of light. This was accomplished by covering the boiling-water bath with a thick cellulose sponge, which in turn was cemented to a metal plate for rigidity and weight. Color development was read at a wavelength of 480 mu. The method had a reproducibility of -10 and i1.0 mg/100 ml of urea at urea concentrations of 500 and 60 mg/100 ml, respectively. The sensitivity of this method was approximately 0.1 mg/100 ml urea. The importance of using chemically clean glassware in urea determinations is emphasized. Glassware cleaned in the usual laboratory manner was placed in a 1.0 N nitric acid bath for 24 hr, and was then rinsed four times in double glass-distilled water and two times in deionized double-distilled water to reduce organic and ionic contamination to extremely low levels.
Detection of ammonia. Ford (4) and by Shepard and Lunceford (14) . Titers of T-strain organisms were expressed as colony-forming units (CFU) per milliliter.
RESULTS
Preliminary studies had shown that ultrafiltrates of horse serum, used as 20% enrichment in place of normal horse serum, also supported good growth of T-strain organisms in fluid medium and in agar. As in the case of enrichment with horse serum, best growth of T strains was obtained with ultrafiltrate when the reaction of the medium was adjusted to pH 6.0. This observation further suggested that the unknown metabolite was common to both horse serum and its ultrafiltrate. It was also noted that fluids extracted from normal horse serum which had been heatcoagulated (10 min in a boiling-water bath, or autoclaved for 5 min at 121 C) were fully active enrichments in supporting growth of T-strain organisms. Urea determinations on these various enrichments showed that this substrate was common to all of them, and in roughly similar amounts (Table 1) . It was subsequently observed that T-strain broth cultures which had been incubated for 96 hr to a state of nonviability and "exhaustion" could be reactivated by supplementation with urea alone, and would again support growth of T-strain organisms to titers of 5 X 105 CFU/ml. Without urea supplementation, such "exhausted" broth culture fluids remained completely inactive. Further evidence that urea was the unknown metabolite in horse serum was the observation that treatment of horse serum with commercial urease rendered it completely inactive as an enrichment for growth of T strains of Mycoplasma. Furthermore, the level of urea (contributed by horse serum) in complete TDB-16 broth was low, and amounted to only 8.0 mg/ 100 ml with 20% serum enrichment.
The initial test medium employed for demonstrating urease activity of T strains of myco- (3) . Subcultures from urea broth to TDA-16 agar plates were made after 24 and 48 hr of incubation, and abundant growth of T-strain organisms was obtained from all inoculated tubes. Uninoculated controls showed no change in reaction and yielded negative tests for gaseous NH3. Additional controls, consisting of the modified urease test medium inoculated with heat-inactivated (56 C for 10 min) T-strain organisms, were also negative.
As determined by the above test system, 10 classic human Mycoplasma species examined were incapable of hydrolyzing urea (Table 2 ). In addition, two strains of M. pneumoniae were similarly urease-negative, with an initial pH of 6.0 and of 7.0. No growth of M. pneumoniae was obtained at the lower pH, since this organism shows little or no growth at pH 6.0 (14) .
To determine whether horse serum was essential for T-strain urease activity in the modified urease test medium, horse serum supplementation was omitted in a subsequent experiment. The reaction was adjusted to pH 6.0 with 1 N HCI as before, and the same six T strains were used as test organisms. Urea was again hydrolyzed by all of the T strains ( and a positive test for gaseous ammonia. Agar subcultures from the urea broth cultures yielded abundant growth of T-strain organisms. It was thus evident that horse serum supplementation of the modified urease test medium was not essential for growth and urease activity of T strains of Mycoplasma.
Quantitative studies with U-4 urea broth. Serum-free urea broth medium U-4 was employed to study the quantitative relationship between urea hydrolysis and growth of T-strain organisms. Bottle cultures of U-4 urea broth (pH 6.0) containing 400 and 800 mg of urea per 100 ml, respectively, were inoculated with T-strain K71 and incubated at 36 C. Samples were removed every 4 hr over a period of 24 hr for growth quantitation and measurement of urea. After a lag phase of approximately 4 hr (in the presence of 400 mg of urea per 100 ml), active growth of T-strain organisms commenced and reached a maximal titer of 1.1 X 107 CFU/ml after 16 hr of incubation. During the same 16-hr period, the urea concentration decreased rapidly from 400 to 33 mg/100 ml (92% hydrolyzed), and by 24 hr nearly all the urea (99.6%) had been hydrolyzed (Fig. 1) . Under conditions of twice this initial urea concentration (800 mg of urea per 100 ml), an 8-hr lag in rate of urea hydrolysis was observed, suggesting partial substrate inhibition of T-strain urease activity at this level of urea. Maximal titer of T-strain organisms was reached after 20-hr incubation, during which time the urea concentration decreased from 800 to 250 mg/100 ml (69% hydrolyzed). At termination of the experiment (24 hr), 80% of the urea had been hydrolyzed (Fig. 1) . Controls, consisting of uninoculated medium incubated with the experimental cultures (at both low and high urea concentrations), showed essentially no loss of urea over the 24-hr incubation period. The urea medium containing 2.0% urea. It was subsequently observed that 2.0% urea concentrations were partially inhibitory to growth and urease activity of T-strain organisms in this medium. However, even under conditions of partial substrate inhibition, the effect of initial pH on growth and urease activity had significant implications. Bottle cultures (40 ml) of U-4 urea medium (2.0% urea), adjusted in 0.5 pH unit increments over a pH range of 6.0 through 8.0, were inoculated with T-strain organisms and incubated at 36 C. Highest urease activity was observed at pH 6.0. With increasing pH values, urease activity progressively declined. Maximal titer of Tstrain organisms (5 X 106 CFU/ml after 16 hr) was attained only in cultures adjusted initially to pH 6.0 (Table 5) .
In subsequent experiments, the urea concentration was reduced approximately 40-fold, from 0.332 to 0.01 and 0.0083 M. In addition, the range over which T-strain urease activity was examined was extended into the acid range to include an initial pH of 5.0 and 5.5. Under these conditions of more favorable urea concentration, maximal urease activity again occurred within the acid range of pH 5.5 to 6.5. At the lowest pH tested (5.0), a lag period of approximately 16 hr was observed, after which urease activity commenced at nearly the same rate as was observed at pH 5.5, 6.0, and 6.5 (Fig. 2) . It was concluded that maximal urease activity by T strains of Myco- plasma occurs at pH 6.0 i 0.5, irrespective (within the limits tested) of substrate concentration. This is also the optimal pH for growth of T-strain organisms (14) , and further suggests that urea is a required metabolite. Action of T strains on related metabolites. It was of interest to learn whether T strains of Mycoplasma were capable of utilizing certain chemical compounds related to urea. Several such compounds were individually incorporated into U-4 medium in 0.01 M concentration by substitution in place of urea. Hydroxyurea, allylurea, thiourea, arginine, ornithine, citrulline, proline, and glutamine were inactive as metabolites in supporting growth of T strains of Mycoplasma. It was of considerable interest that one of the above compounds tested for possible metabolic activity (hydroxyurea) was found to be selectively inhibitory to growth of T strains (Shepard, in press). The human classic mycoplasmas so far examined were unaffected by levels of hydroxyurea which were completely inhibitory to T strains. The above observation, in addition to its differential implication, may give further insight into the nutrition of T-strain organisms. Hydroxyurea has been shown to inhibit the incorporation of thymidine into the' deoxyribonucleic acid (DNA) of HeLa cells (17) Final concentrations of urea of 1.0 and 2.0% in fluid medium were definitely inhibitory to initiation of T-strain growth, and substrate inhibition at these levels was especially evident for T strains in clinical material. In urea broth containing 2.0% urea, growth and associated urease activity may be delayed by as long as 72 hr. Rajagopalan et al. (10) found that relatively low levels of urea can be inhibitory to a variety of different enzymes. The inhibitor constant (Ks) for some enzymes was found to be as low as 0.2 M urea (1.5%). Urea concentrations in a color-test medium such as U-6 urea broth appear to be ideal in the region of 0.01 M. Higher urea concentrations (0.017 to 0.08 M) produce good growth of T-strain organisms, but viability is rapidly lost due to excessive ammonia accumulation and a rapid rise in pH to lethal levels (8.0 to 8.9).
The ionic strength of Sorensen's phosphate buffer (pH 6.0) was found to be important in simple fluid media containing low concentrations of urea. The usual 0.067 M phosphate buffer (pH 6.0) was observed to inhibit completely growth of T strains of Mycoplasma in simple media containing 0.01 M urea. It was necessary to reduce the ionic strength of the buffer to 0.001 M in the presence of 0.01 M substrate to achieve optimal growth and urease activity of T-strain organisms. Fasman and Niemann (2), in a study of jack bean urease, believed that both sodium and potassium ions were inhibitory to urease activity, and especially sodium ions. Phosphate, however, was stated to act as an activator ofurease from the jack bean. As re-emphasized by Nath and Pradhan (8), the optimal pH for urease activity may also depend upon the type of buffer employed. In the case of the urease system of T strains of Mycoplasma, maximal urease activity was found to occur within the pH range of 5.5 to 6.5, with phosphate, citrate, or tris(hydroxymethyl)aminomethane-maleate buffers. The optimal pH for T-strain urease activity coincides with that for growth of T strains in TDA-16 agar and fluid medium (14) , and in a recently described agar and fluid medium ("A-2" medium; Shepard, in press).
The demonstration of a urease system in T strains of mycoplasma provides a simple biochemical means for their detection and identification. It also provides a method for distinguishing T strains from other members of the human mycoplasma group (which are urease-negative), in addition to the erythromycin inhibition test (15) , and the selective inhibition of T strains of Mycoplasma by thallium acetate (Shepard, in press ). Urease activity by T-strain organisms (positive
